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In this paper, we continue to study a unified dark fluid model with a constant adiabatic sound
speed but with the entropic perturbations. When the entropic perturbations are included, an
effective sound speed, which reduces to the adiabatic sound speed when the entropic perturbations
are zero, has to be specified as an additional free model parameter. Due to the relations between
the adiabatic sound speed and equations of state (EoS) c2s,ad(a) = w(a)− d ln(1+w(a))/3d ln a, the
equation of state can be determined up to an integration constant in principle when an adiabatic
sound speed is given. Then there are two degrees of freedom to describe the linear perturbations
for a fluid. Its micro-scale properties are characterized by its EoS or adiabatic sound speed and an
effective sound speed. We take the effective sound speed and adiabatic sound speed as free model
parameters and then use the currently available cosmic observational data sets, which include type
Ia supernova Union 2.1, baryon acoustic oscillation and WMAP 7-year data of cosmic background
radiation, to constrain the possible entropic perturbations and the adiabatic sound speed via the
Markov Chain Monte Carlo method. The results show that the cosmic observations favor a small
effective sound speed c2s,eff = 0.00155
+0.000319
−0.00155 in 1σ region.
I. INTRODUCTION
In the last few years, the unified dark fluid models
[1–12] were investigated as a possible explanation to an
accelerated expansion phase of our Universe [13, 14].
These models are inspired by the facts that above 96%
of the energy content in the Universe is made of un-
known dark component. These unified dark fluid mod-
els include the popular generalized Chaplygin gas (gCg)
model [4–8] as a sample which is a generalization of the
Chaplygin gas (Cg) model or a coined model from the
ΛCDM model [9]. Actually, the EoS’ of these unified
dark fluid are specified in different models. Then their
linear perturbation evolutions are determined via the re-
lations c2s,ad(a) = w(a) − d ln(1 + w(a))/3d ln a between
the adiabatic sound speed and its EoS of UDF when the
entropic perturbations are zero. On the contrary, when
the adiabatic sound speed is preposed, the EoS can also
be determined up to an integration constant in princi-
ple. Based on this point, the so-called ΛαCDM or CASS
model was proposed [2, 3, 10] where a constant adiabatic
sound speed c2s,ad = α was assumed. The case of α = 0
was discussed in Ref. [11]. And the time variable sound
speed cases were also discussed in [12]. As pointed out by
the authors [15], when α is negative, this model can be
seen as the attractor solution of quintessence scalar field
dynamics. Also, it can be treated as k-essence scalar field
[3]. Interestingly, it can avoid the so-called averaging
problem [16] when the perturbations become nonlinear
[3]. So, in this paper, we are going to investigate this
unified dark fluid model.
However when the entropic perturbations are included
∗
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the adiabatic sound speed is not enough to characterize
the micro-scale properties, one has to introduce the ef-
fective sound speed as a specified model parameter as an
addition to its EoS. For a generalized dark matter, the
effective sound speed was defined in Ref. [17]. The effec-
tive sound speed is reduced to the adiabatic sound speed
when the entropic perturbations vanish.
The model with a constant adiabatic sound speed and
entropic perturbations was investigated in Ref. [18],
where the limited cases of effective sound speed c2eff =
α, 0, 1 were discussed. However, the effective sound speed
should be a free model parameter to be determined by
the cosmic observations instead of being fixed to a spe-
cial value by hand. So, in this paper, we will consider a
more general case where the effective sound speed c2s,eff
is taken as a free model parameter in the range of [0, 1].
And we will use the currently available cosmic observa-
tional data sets, which include type Ia supernova Union
2.1, baryon acoustic oscillation and WMAP 7-year CMB,
to determine the model parameter space via the Markov
Chain Monte Carlo (MCMC) method.
This paper is structured as follows. At first, in section
II, we give a very brief review of the unified dark fluid
model with a constant adiabatic sound speed (CASS)
c2s,ad = α. In this section, the energy density, EoS and
the perturbation equations are shown. In section III, by
using the Markov Chain Monte Carlo (MCMC) method
with currently available cosmic observational data sets
which include type Ia supernova Union 2.1, baryon acous-
tic oscillation and WMAP 7-year CMB, we show the
model parameter space. A summary is presented in sec-
tion IV.
2II. A BRIEF REVIEW OF CASS MODEL
In this section, we will give a very brief review of CASS
model which has constant adiabatic sound speed c2s = α,
for the details please see the Ref. [3]. The energy density
and equation of state (EoS) of this UDF are given in the
following forms
ρd = ρd0
[
(1 −Bs) +Bsa
−3(1+α)
]
, (1)
wd = α−
(1 + α)(1 −Bs)
(1−Bs) +Bsa−3(1+α)
, (2)
where Bs in the range 0 ≤ Bs ≤ 1 and α are model
parameters. In the pure adiabatic perturbation case, the
value of α should be fixed in the range of [0, 1]. When the
entropic perturbations are included, the adiabatic sound
speed can be negative [17]. So, in this paper, we assume
it is in the range [−1, 1]. Of course it will be determined
by the cosmic observations.
Considering the perturbation in the synchronous
gauge, the perturbed metric reads
ds2 = a2(τ)
[
−dτ2 + (δij + hij(x, τ)dx
idxj)
]
, (3)
where τ is the conformal time and hij is the metric per-
turbation. From the conservation of energy-momentum
tensor T µν;µ = 0, one has the perturbation equations of
density contrast and velocity divergence for dark fluid in
the synchronous gauge
δ˙d = −(1 + wd)(θd +
h˙
2
)− 3H(
δpd
δρd
− wd)δd, (4)
θ˙d = −H(1− 3c
2
s,ad) +
δpd/δρd
1 + wd
k2δd − k
2σd (5)
following the notations of Ma and Bertschinger [19],
where the definition of the adiabatic sound speed
c2s,ad =
p˙d
ρ˙d
= wd −
w˙d
3H(1 + wd)
(6)
is used. For the gauge ready formalism about the pertur-
bation theory, please see [20]. For a pure barotropic fluid,
it has an imaginary adiabatic sound speed which causes
instability of the perturbations when its EoS is negative,
for example the w = constant quintessence dark energy
model. The way to overcome this problem is to allow
an entropy perturbation and to assume a positive or null
effective speed of sound. Following the formalism for a
generalized dark matter [17], one can separate out the
non adiabatic stress or entropy perturbation for the UDF
pdΓd = δpd − c
2
s,adδρd, (7)
which is gauge independent. In the rest frame of UDF
by introducing the effective speed of sound c2s,eff , the
entropy perturbation is specified as
wdΓd = (c
2
s,eff − c
2
s,ad)δ
rest
d . (8)
The gauge transformation into an arbitrary gauge
δrestd = δd + 3H(1 + wd)
θd
k2
(9)
gives a gauge-invariant form for the entropy perturba-
tions. By using the Eqs (7,) (8) and (9), one can recast
Eqs. (4), and (5) into
δ˙d = −(1 + wd)(θd +
h˙
2
) +
w˙d
1 + wd
δd − 3H(c
2
s,eff − c
2
s,ad)
[
δd + 3H(1 + wd)
θd
k2
]
(10)
θ˙d = −H(1− 3c
2
s,eff )θd +
c2s,eff
1 + wd
k2δd − k
2σd (11)
please see also in [18] and [21] for the conformal gauge.
The above two equations reduce to the corresponding
continuity and Euler equations as shown in our previous
work [3] when the entropy perturbation vanishes. For
the dark fluid in this paper, we assume the shear pertur-
bation σd = 0. In our calculations, the adiabatic initial
conditions will be taken. To perform the numerical cal-
culation, we modified the publicly available cosmoMC
package [24] to include the dark fluid perturbation in the
CAMB [25] code which is used to calculate the theoret-
ical CMB power spectrum. We added new parameters
and modified the perturbations equations for the dark
energy in the CAMB code.
3III. CONSTRAINT METHOD AND RESULTS
A. Implications on CMB anisotropy for model
parameter c2s,eff
In our previous paper [3], for the only adiabatic pertur-
bation case, we have discussed the implication on CMB
anisotropic power spectra of the model parameter α and
Bs, for the details please see [3]. When we fix the val-
ues of the adiabatic and effective sound speeds, the other
relevant model parameters have the same effects to the
CMB power spectra as shown in our previous paper [3].
So, in this paper, we focus on the model parameter c2s,eff .
To illustrate how the CMB temperature anisotropies are
characterized by different values of c2s,eff , we choose dif-
ferent values of c2s,eff in the range [0, 1] with the other
relevant cosmological models fixed to the mean values
obtained in [3].
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FIG. 1. The effects on CMB temperature power spectra
of model parameter c2s,eff . The solid red, blue dashed,
green dotted and yellow dash-dotted lines are for c2s,eff =
0, 0.1, 0.5, 1 respectively, where the other relevant cosmologi-
cal parameters are fixed to their mean values obtained in Ref.
[3]. The CMB power spectrum shows that small values of
c2s,eff are favored.
For different values of the effective sound speed in
the range [0, 1], we plotted their effects on the CMB
anisotropic power spectra in Figure 1. As shown in this
figure, CMB power spectra favor small values of c2s,eff .
For large values of c2s,eff , the gravitational potential de-
cays fastly due to pressure support of the UDF fluctua-
tions during UDF domination. The effect monotonically
decrease as c2s,eff decrease to zero which was analyzed in
Ref. [17]. It is clear that CMB power spectra favor small
values of the effective sound speed. We expect the CMB
power spectra can give a tight constraint to the model
parameter c2s,eff .
B. Method and data points
To constrain the model parameter space, we use the
Markov Chain Monte Carlo (MCMC) method. We
adopted the following 8-dimensional parameter space
P ≡ {ωb,ΘS, τ, α,Bs, c
2
s,eff , ns, log[10
10As]}. (12)
The priors of the model parameters are shown in Table
I. We adopted ks0 = 0.05Mpc
−1 as the pivot scale of the
initial scalar power spectrum.
Model Prameters Priors
Ωbh
2 [0.005, 1]
ΘS [0.5, 10]
τ [0.01, 0.8]
α [−1, 1]
Bs [0, 1]
c2s,eff [0, 1]
ns [0.5, 1.5]
log[1010As] [2.7, 4]
Age 10Gyr < t0 < 20Gyr
ωb 0.022 ± 0.002 [26]
H0 74.2 ± 3.6kms
−1Mpc−1 [27]
TABLE I. The priors for the cosmological model parameters
and other priors. The pivot scale of the initial scalar power
spectrum ks0 = 0.05Mpc
−1 is used in this paper.
The total likelihood L ∝ e−χ
2/2 should be calculated
to get the model parameter space, where χ2 is given as
χ2 = χ2CMB + χ
2
BAO + χ
2
SN . (13)
For CMB data set, the temperature power spectrum from
WMAP 7-year data [28] are employed. For the BAO
information, the SDSS data points [29] are used. For SN
Ia, we use the 580 Union2.1 data sets with systematic
errors [30]. For the detailed description, please see Refs.
[3, 31].
C. Fitting Results and discussion
We ran 8 chains in parallel on the Computational Clus-
ter for Cosmos (3C) and checked the convergence (R− 1
is of the order 0.01). The obtained results are shown in
Table II and Figure 2.
4Prameters Mean Values 1σ errors 2σ errors 3σ errors
Ωbh
2 0.0228 +0.000628
−0.000628
+0.00128
−0.00120
+0.0020315
−0.00176
ΘS 1.0495
+0.00274
−0.00271
+0.00553
−0.00522
+0.00844
−0.00780
τ 0.0949 +0.00690
−0.00837
+0.0282
−0.0253
+0.0522
−0.0418
α −0.000957 +0.00187
−0.00184
+0.00345
−0.00406
+0.00523
−0.00675
Bs 0.217
+0.0167
−0.0168
+0.0359
−0.0308
+0.0573
−0.0457
c2s,eff 0.00155
+0.000319
−0.00155
+0.00241
−0.00155
+0.00493
−0.00155
ns 0.999
+0.0230
−0.0227
+0.0509
−0.0393
+0.0811
−0.0548
log[1010As] 3.0721
+0.0370
−0.0362
+0.0730
−0.0713
+0.111
−0.112
Ωd 0.956
+0.00249
−0.00252
+0.004673
−0.00530
+0.00679
−0.00840
Age/Gyr 13.723 +0.147
−0.145
+0.295
−0.280
+0.446
−0.435
Ωb 0.0439
+0.00252
−0.00249
+0.00530
−0.00467
+0.00841
−0.00679
zre 10.924
+1.260
−1.242
+2.498
−2.410
+3.873
−3.824
H0 72.189
+1.824
−1.816
+3.626
−3.631
+5.537
−5.311
TABLE II. The cosmological model and derived model
parameters space with 1, 2, 3σ regions where SN
Union2.1+BAO+CMB data sets are used.
The most relevant and interesting model parameters
to the UDF are the constant adiabatic sound speed
c2s,ad = α and the effective sound speed c
2
s,eff . They
equal to each other when the entropy perturbation van-
ishes. The results show that the currently available data
sets from SN, CMB and BAO can give a tight con-
straint to the model parameter space and favor a model
with c2s,eff = 0.00155
+0.000319
−0.00155 in 1σ region. When the
entropy perturbation is included, a negative adiabatic
sound speed is favored which is different from that of the
pure adiabatic case. By using the obtained mean values,
we plotted the evolutions of EoS for the UDF with re-
spect to the scale factor a in Figure 3. From the EoS
figure, one can read off that the UDF behaves like cold
dark matter at the earlier epoch and like dark energy at
the later epoch. Then the small perturbations of UDF
can grow into the large scale structure of our Universe.
We also show the CTTl power spectra for ΛCDM model
and observed data points in Figure 4 where the mean
values of relevant model parameters are adopted. It im-
plies that current cosmic observational data points can
not discriminate ΛCDM model from the UDF model.
We also show the evolutions of δd and vd of the
UDF with respect to the redshift z on the scale k =
10−3Mpc−1 in Figure 5. One can easily see the growth
of the UDF perturbations with the evolution of our Uni-
verse.
IV. SUMMARY
In this paper, we continued to study a unified dark
fluid model with a constant adiabatic sound speed but
with the entropic perturbations. As comparisons to the
previous work [18], we took the effective sound speed as
a free model parameter to characterize the micro-scale
properties in additional to its EoS instead of fixing it
to a specific value by hand. And then we try to use the
currently available cosmic observations which include SN
Union2.1, BAO and full information of CMB to deter-
mine the properties of this UDF model via the MCMC
method. A tight constraint was obtained as shown in Ta-
ble II. We also show the evolutions of the EoS of the UDF
and its perturbations with the evolution of our Universe.
The analysis tells us that the UDF behaves like cold dark
matter at early epoch and like dark energy at late time.
One can also see the growth of the perturbations of the
UDF with the expansion of our Universe in Figure 5. It
shows the possibility for a small UDF perturbation to
grow into a large scale structure of the Universe. We
expect our study can shed light on the understanding of
the dark side of our Universe.
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